Introduction {#Sec1}
============

Esophageal carcinoma is a quite common digestive tumor in the world. It has two main pathological types: esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC). EAC is common in western countries, while ESCC is the dominant pathological type in Asia including China \[[@CR1]\]. ESCC progresses rapidly and metastasizes early. Hence, it is of great importance to research the molecular mechanism of ESCC for treatment and prognosis.

DnaJ/Hsp40 homolog, subfamily B, member 6 (DNAJB6) is also known as mammalian relative of DnaJ (MRJ). Human DNAJB6 has two spliced isoforms: isoform a (2.5 kb, NM_058246) and isoform b (1.6 kb, NM_005494). The isoform a of DNAJB6 comprises 326 amino acids, while the isoform b includes 242 amino acids. A lot of nervous system disease, for example Parkinson's disease, Huntington disease, and Parkinsonian syndrome, show protein aggregation of DNAJB6 \[[@CR2]\]. Nevertheless, the function of DNAJB6 in carcinoma has not been clear.

Recent research showed there is an iron-dependent form of cell death termed ferroptosis in some cancer cells \[[@CR3]\]. Unlike cell necrosis and apoptosis, ferroptosis is caused by lipid peroxides when ferrous iron reacts with it. Inhibiting defensive protein called glutathione peroxidase 4 (GPX4, an antioxidant enzyme) may selectively activate ferroptosis \[[@CR4]\]. GPX4 plays an important role in holding back ferroptosis through decreasing phospholipid hydroperoxide and hence inhibiting lipid peroxidation \[[@CR4]--[@CR6]\]. GPX4 lowers the lipid peroxides so that the iron no longer works \[[@CR7]\]. In addition, GPX4 is necessary for tumor recurrence \[[@CR8]\]. When ferroptosis occurs, mitochondrial morphology and function change as follows: Decreased mitochondria are accompanied by an increase in the density of the bilayer membrane and loss of its structural integrity, moreover the decreased mitochondrial transmembrane potential and reduced oxidative phosphorylation \[[@CR9], [@CR10]\]. Some scholars had hypothesized that ferroptosis would be a treatment method of malignancies; however, the extent to which this method could work was unclear \[[@CR11]\].

Patient and Method {#Sec2}
==================

Immunohistochemistry (IHC) {#Sec3}
--------------------------

DNAJB6 antibody (1:250 dilution) was used as the primary antibody. The intensity of staining of tissue was assessed as 0 (no staining) to 3 (strongest intensity of staining). The scores ≤ 2 were defined as low expression, whereas scores \> 2 were defined as high expression. The Olympus light microscope was used to magnify and for observation.

Western Blot {#Sec4}
------------

Protein was extracted both from tissues and cell lines. An equal amount of protein sample (20 μg) was resolved on SDS-PAGE and immunoblotted for levels of various proteins. Commensurable loading was confirmed by β-actin and tubulin reference. Experiments were repeated three times independently.

Patients {#Sec5}
--------

We performed immunohistochemical and Western blot analyses of ESCC tissues and adjacent histologically normal tissues from 64 patients, who underwent esophagectomy without preoperative radiotherapy and chemotherapy at Shandong Provincial Hospital from September 2017 to December 2018. The samples were surplus specimens after diagnosing. All samples were stored at − 80 °C until analysis. The immunohistochemical results were evaluated separately by two independent pathologists. All patients participating in the study signed informed consents. And the study protocol was approved by the Institutional Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong University.

Cell Lines and Culture {#Sec6}
----------------------

Human ESCC cell lines (TE-1, Eca9706, Eca109, KYSE150, and KYSE450) were obtained from the cell repository of Chinese Academy of Sciences. The cells were cultured in RPMI 1640 with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% [l]{.smallcaps}-glutamine. Cell culture flasks were maintained at 37 °C in incubator with 5% CO~2~.

Lentivirus Infection {#Sec7}
--------------------

To overexpress the DNAJB6a, we got the lentivirus (NM_058246) and the control lentivirus from GeneChem Company, Shanghai, China. The experimental methods followed manufacturer's manual. After infection, the cells were screened by puromycin to obtain stable transfection cell lines.

Reverse Transcription Quantitative Polymerase Chain Reaction (RT‑qPCR) {#Sec8}
----------------------------------------------------------------------

Whole-cell RNA was extracted via the RNAiso Plus (TaKaRa, Japan). The cDNA samples were amplified using the SYBR Green qPCR assay kit (Takara) and the LightCycler480 PCR system. The following primers were used for RT-qPCR: DNAJB6a primers (GeneChem): forward 5′-ATCGGAAACTGGCACTGAAG-3′ and reverse 5′-TCTGGGTTACGGAATGTGAA-3′; β-actin primers (Takara): forward 5'-AGAGCCTCGCCTTTGCCGATCC-3 'and reverse 5'-ATACACCCGCTGCTCCGGGTC-3'. Three independent experiments were performed to analyze the relative DNAJB6 expression level.

Colony-Forming Assay {#Sec9}
--------------------

Cells were seeded in 6-well plates and medium was changed every 3 days. The plates were incubated at 37 °C in 5% CO~2~. The plates were fixed with formaldehyde and stained with 0.5% crystal violet. The results were calculated by the average number of colonies in plates. The assay was performed in triplicates.

CCK-8 Assay {#Sec10}
-----------

The cells proliferation was detected by cell counting kit-8 (CCK-8, Dojindo, Japan). Cells were seeded in 96-well plates within 100 μl culture medium and incubated with CCK8 reagent (10 μl/well) for 2 h at 37 °C incubator. The absorbance of each well was measured by microplate reader at an excitation of 450 nm.

Transwell Assay {#Sec11}
---------------

To detect the capacity of cell migration and invasion, transwell assay was carried out by using a 24-well cell culture insert with 8-mm pore (3422, Corning, USA). The uncoated inserts were used in the migration assay, while Matrigel (1:6 dilution; 354234, Corning, USA) was pre-coated to the upper surface of inserts in the invasion assay. Cells were pre-treated by culturing in serum-free medium overnight. In the lower chamber of the 24-well plates, RPMI 1640 culture media containing 20% FBS was used as a chemotactic attractant. Single-cell suspensions were loaded in the upper space of inserts. Cells from the upper surface of the inserts were removed by cotton swab. The underneath cells were fixed with formaldehyde and stained with 0.5% crystal violet. The membranes were sealed by neutral gum and observed by Olympus microscope.

Mouse Xenograft Assay {#Sec12}
---------------------

Female BALB/c athymic nude mice (4 weeks of age) were obtained from the HFK Bioscience Co, Beijing. To generate murine subcutaneous tumors, 2 × 10^6^ Eca109 cells and KYSE 150 cells in 100 μl PBS were injected subcutaneously on the left of the nude mice's dorsal midline. The xenografts were measured every 4 days, and volumes were calculated using the formula: (length × width^2^)/2. Three weeks after injection, the xenografts were removed. After being removed, the xenografted tumor was detected by IHC as previously mentioned.

Lipid Peroxidation Assay {#Sec13}
------------------------

The malondialdehyde (MDA) was detected by Lipid Peroxidation MDA Assay Kit (S0131, Beyotime, Beijing) according to the manufacturer's direction. The absorbance was measured at 532 nm after 2 min and compared to a standard curve of MDA.

Determination of Glutathione (GSH) Levels {#Sec14}
-----------------------------------------

The levels of GSH in the cells were determined according to the method based on the Glutathione Detection Reagent (T10095, Invitrogen, USA). Fluorescence intensity was detected by FCM.

Transmission Electron Microscope {#Sec15}
--------------------------------

The mitochondrial morphology of different cell lines was shot by transmission electron microscope (HITACHI HT7700) after fixation, embedding, and staining.

Statistical Analysis {#Sec16}
--------------------

The statistical data were presented in the form of mean±standard. *P* values were calculated by the analysis of variance and Chi-squared test. It is considered to be statistically different if *P* value \< 0.05. All statistical calculations and graph were performed using GraphPad Prism 7 statistical software.

Result {#Sec17}
======

There Was a Negative Correlation Between DNAJB6 Level and Lymph Node Metastasis in ESCC Patient {#Sec18}
-----------------------------------------------------------------------------------------------

We detected the DNAJB6 level by Western blot and IHC. Western blot analysis showed that DNAJB6a expression was lower in ESCC tissues compared with the matched normal esophageal tissues (Fig. [1](#Fig1){ref-type="fig"}A). IHC results indicated that DNAJB6 expresses high in normal tissues. Meanwhile, high or low expression was detected in different ESCC tissues (Fig. [1](#Fig1){ref-type="fig"}B). Combined with the postoperative pathological report, we found that compared to patients with high DNAJB6 levels, ESCC patients who have low DNAJB6 levels in tumor tissues were more prone to have lymph node metastasis (Table [1](#Tab1){ref-type="table"}). However, there is no relation between DNAJB6 and other factors, such as age, gender, grade, and T stage. Fig. 1DNAJB6a expression was lower in ESCC tissues compared with the matched normal esophageal tissues. *Note***a** The DNAJB6 expression of 8 representative tissue sample pairs detected by Western blot. N, normal tissue; T, tumor tissue. **b** The expression of DNAJB6 in ESCC tissues and normal esophagus tissues was detected by IHC (× 200)Table 1Clinical characteristics and its relationship with DNAJB6 expressionpathological featureTotalHigh nuclear\
DNAJB6Low nuclear\
DNAJB6*P* value^\#^AGE0.902 ≥60421428 \< 6022715Gender0.728 Male471631 Female17512Grade0.796 Well/moderate351124 Poor291019T stage0.141 T1-T2441727 T3-T420416Lymph node metastasis**0.023**^**\***^ Positive40931 Negative241212M stage-- M0642143 M1000Bold value indicates that the result has statistical significance^\#^ Calculated by Chi-squared test \**p* \< 0.05

DNAJB6a Expression Is Up-Regulated by Lentivirus Infection {#Sec19}
----------------------------------------------------------

Cell culture, protein extraction, and Western blot analysis were as previously mentioned. The result (Fig. [2](#Fig2){ref-type="fig"}A) shows that Eca 109 and KYSE 150 have a lower expression level in DNAJB6a. Thus, we choose Eca 109 and KYSE 150 to carry out subsequent experiments. The transfection efficiency was verified by Western blot (Fig. [2](#Fig2){ref-type="fig"}B--C). RT-qPCR reveals that DNAJB6a was increased compared with the bland and control group (Fig. [2](#Fig2){ref-type="fig"}D).Fig. 2The endogenous and exogenous expression of DNAJB6a in cell lines. *Note***a** The expression of DNAJB6a in different cell lines. **b** Western blot showing the exogenous up-regulation of DNAJB6a. **c** Further verification of the transfection efficiency by anti-flag antibody. **d** Relative DNAJB6a mRNA level after transfection. The results are expressed as the mean ± SD. \*\*\**p* \< 0.001

Overexpressing DNAJB6a Shows Tumor-Suppressive Effects In Vitro {#Sec20}
---------------------------------------------------------------

The colony-forming assay shows that the colony count in overexpressing DNAJB6a group is markedly decreased compared with blank and control groups (Fig. [3](#Fig3){ref-type="fig"}A--B), which indicates that DNAJB6a overexpression suppresses the proliferation of ESCC cells. The same result can be obtained from CCK8 assay (Fig. [3](#Fig3){ref-type="fig"}C). Meanwhile, the transwell assay shows that compared with the blank and control groups, there are less cells passing through the membrane in DNAJB6a overexpression group (Fig. [3](#Fig3){ref-type="fig"}D-G). These results indicate that the overexpressing DNAJB6a weakens the migratory and invasive capacity of ESCC cells.Fig. 3Overexpressing DNAJB6a shows tumor-suppressive effects in vitro. *Note***a** The Eca 109 and KYSE 150 cells were seeded in 6-well plate at a density of 1000 cells/well; after 10 days, the cells were disposed as what mentioned before. **b** The colony count is expressed in the form of mean ± SD of three replicates. **c** Cells were seeded on 96-well plates with 100 μl of culture medium at a density of 5000 cells/well. OD values were measured after 24, 48 and 72 h. The results are expressed as the mean ± SD of three replicates. **d** The cells were sowed in the 24-well transwell plates at the concentration of 5 × 10^5^ cells/ml in 0.2 ml serum-free medium in the upper compartment. And 500 μl of culture medium with 20% FBS was added to the lower compartment. After 48 h, cells were processed as previously mentioned. Micrographs were taken by optical microscopy (× 200). **e** The cell that passed through the membrane was counted in three random fields. **f** The cells were seeded into the upper compartment pre-coated with 50 μl Matrigel. Other conditions as mentioned above. **g** The cell that passed through the membrane were counted in three random fields. The data were expressed as mean ± SD of three independent repeated experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

Overexpressing DNAJB6a Weakens Tumorigenesis in Mouse Model {#Sec21}
-----------------------------------------------------------

Compared to the blank and control groups, the average xenografts volume of overexpressing DNAJB6a was significantly decreased. The Eca 109 and KYSE 150 cell lines show greater tumor-suppressive effects by DNAJB6a overexpression (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Overexpressing DNAJB6a inhibits xenograft growth in vivo. *Note***a** Nude mice were executed after 20 days since injected subcutaneously. **b** The results are expressed as tumor volume (mean ± SD). \**p* \< 0.05. **c** IHC showed that the xenografts in blank and negative control show low expression, and in the positive control show high expression

DNAJB6a Participates in Cell Redox Reaction {#Sec22}
-------------------------------------------

The measurement of MDA and GSH in ESCC cells indicates that DNAJB6a overexpression enhanced lipid peroxidation (Fig. [5](#Fig5){ref-type="fig"}A) and reduced the GSH (Fig. [5](#Fig5){ref-type="fig"}B--C). Hence, we concluded that overexpressing DNAJB6a promotes oxidation reaction of ESCC cells. In addition, DNAJB6a overexpression cells contained smaller mitochondria and higher membrane density, mitochondrial structures lose their integrity, and edema occurs in the mitochondrial matrix (Fig. [5](#Fig5){ref-type="fig"}D).Fig. 5DNAJB6a is related to cell redox reaction. *Note***a** The relative amount of MDA proofread by protein. **b** The fluorescence intensity of GSH detected by FCM. **c** Quantitative fluorescence intensity data are calculated by FlowJo and presented as mean ± SD. **d** Transmission electron microscopic images of Eca 109 and KYSE 150 cells, 6 × 10^3^ magnification. \**p* \< 0.05, \*\**p* \< 0.01

Overexpressing DNAJB6a Gene Was Accompanied by a Conspicuous Reduction in the Protein Levels of GPX4 and p-AKT {#Sec23}
--------------------------------------------------------------------------------------------------------------

We detected the decreasing phosphorylation of AKT and GPX4 in Eca109 and KYSE150 by Western blot after treatment with overexpressing DNAJB6a (Figure [6](#Fig6){ref-type="fig"}). Fig. 6Overexpressing DNAJB6a gene was accompanied by a conspicuous reduction in the protein levels of GPX4 and p-AKT in Eca 109 and KYSE 150 cells

Discussion {#Sec24}
==========

ESCC is a frequent malignant tumor of gastrointestinal cancer in the world. Its poor prognosis is mainly caused by lymphatic metastasis at the early stage and local recurrence \[[@CR12]\]. Therefore, it is very crucial to find the potential therapeutic target by studying the mechanism of tumor metastasis.

The DNAJB6 gene encodes two splice variants: isoforms a and b. The preceding research found that DNAJB6a localizes to the nucleus due to the functional NLS located at the C-terminal. Meanwhile, the proliferation inhibition regulated by DNAJB6a is AKT-dependent \[[@CR13]\]. What is more, DNAJB6a was detected to regulate the Wnt/β-catenin signaling pathway \[[@CR14], [@CR15]\]. Based on these, our research mainly explores the role of the isoform a in ESCC.

The present research makes a further verification via different methods that DNAJB6 plays a tumor-suppressive role in ESCC. Furthermore, we reveal its tumor-suppressive role from different aspects.

First of all, according to the results of IHC and Western blot, we found that DNAJB6 expression was down-regulated in ESCC tissues compared with the matched normal esophageal tissues. Combined with the postoperative pathological report, we found that compared to patients with high DNAJB6 levels, ESCC patients who have low DNAJB6 levels in tumor tissues were more prone to lymph node metastasis. These results imply that DNAJB6 dysregulation may play a significant role in the progress of the ESCC. Hence, we supposed DNAJB6 acts as an anti-oncogene in ESCC.

To verify the hypothesis, we carried out further experiments in vitro. Western blot shows that DNAJB6a expression is lower in Eca 109 and KYSE 150 cell lines compared to others. Based on this result, we choose Eca 109 and KYSE 150 cell lines to build DNAJB6a overexpression model by lentivirus. The transfection efficiency was verified by RT-qPCR and Western blot. We observed that compared to the blank and control groups, overexpressing DNAJB6a had noteworthy impediment on cell proliferation, migration, and invasion, together with the decreased p-AKT expression. In vivo, the result showed that DNAJB6a overexpression decreased the rate of tumor growth. In consequence, we can confirm that DNAJB6 acts as an anti-oncogene in ESCC.

Ferroptosis is a regulatable way of cell death; lipid peroxidation plays an important role in mediating it \[[@CR11], [@CR16]\]. GPX4 is a kind of the GSH peroxidase \[[@CR17]\]. And previous study showed that GPX4 suppresses ferroptosis; in return, inhibiting GPX4 increases lipid peroxidation, which contributes to ferroptotic cancer death \[[@CR4]\]. Furthermore, increasing the degradation of GPX4 also contributes to this process \[[@CR18], [@CR19]\]. At the same time of ferroptosis, glutathione biosynthesis is inhibited \[[@CR20]\]. Besides, some unique changes have taken place in the morphology of mitochondria during the ferroptosis \[[@CR21]\], including the loss of structural integrity, such as smaller than normal mitochondria with condensed mitochondrial membrane densities, reduced or absent mitochondria cristae \[[@CR10], [@CR11]\], and outer mitochondrial membrane rupture \[[@CR5]\].

In order to investigate whether there is a connection between DNAJB6 and ferroptosis, we proceed with relevant experiment. MDA and GSH assays indicated that DNAJB6a overexpression enhanced lipid peroxidation and degraded GSH levels. Western blot results suggested that DNAJB6a overexpression has the ability to down-regulate GPX4. TEM assay also shows mitochondrial morphology as what mentioned before. Therefore, we can conclude that overexpressing DNAJB6a can promote ferroptosis.

Our study proved the DNAJB6 antineoplastic role in ESCC by different methods in vivo and in vitro, based on the research by Yu et al \[[@CR13]\], and verified its effect on AKT signaling pathway regulation.

This result is consistent with the study by Mitra A et al \[[@CR22]\] that DNAJB6a weakens malignant activity of breast carcinoma. However, DNAJB6 was found to be an oncogene and to aggravate colorectal cancer's invasion according to Zhang et al \[[@CR23]\]. In addition, Lin et al \[[@CR24]\] found that DNAJB6 can promote cell invasion and migration in HCT 116 cell. This may be due to the tissue-specific character or the gene exist mutation and methylation in diverse tissue.

There are obvious regional characteristics of the incidence of esophagus carcinoma. ESCC is the most common pathological type in China. Our study substantiates that there is a significant correlation between DNAJB6 expression level and incidence of lymph node metastasis in ESCC patient. This result demonstrates that DNAJB6 may be a biomarker of occult lymph node metastasis (OLM) of ESCC.

Exclusively, our research is the first to give evidence that there is a relationship between DNAJB6 and ferroptosis. Overexpressing DNAJB6a can promote ferroptosis in ESCC by some unknown pathways. Further studies are necessary to explore theirs underlying molecular mechanisms and potential clinical utilities.

Conclusion {#Sec25}
==========

In summary, DNAJB6 is down-regulated in ESCC tissues. Our data suggest that DNAJB6 plays an important anti-oncogenic role in ESCC evolvement via ferroptosis. DNAJB6 may be a potential therapeutic target for the therapy of ESCC.
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